This work examines 140 hydrological studies conducted in the Mediterranean region. It identifies key characteristics of the hydrological responses of Mediterranean catchments at various time scales and compares different methods and modelling approaches used for individual-catchment studies. The study area is divided into the northwestern (NWM), eastern (EM) and southern (SM) Mediterranean. The analysis indicates regional discrepancies in which the NWM shows the most extreme rainfall regime. A tendency for reduced water resources driven by both anthropogenic and climatic pressures and a more extreme rainfall regime are also noticeable. Catchments show very heterogeneous responses over time and space, resulting in limitations in hydrological modelling and large uncertainties in predictions. However, few models have been developed to address these issues. Additional studies are necessary to improve the knowledge of Mediterranean hydrological features and to account for regional specificities.
Introduction

The Mediterranean as a focus of research
The Mediterranean climate is characterized by high interannual variability in precipitation, seasonal rainfall patterns, summer drought and intense rainfall. Because of the characteristics of the climate, Mediterranean areas face water availability problems (e.g. Moran-Tejeda et al. 2010) . In the last 20 years, many countries of the Mediterranean Basin have witnessed multi-year drought periods (FAO 2006) . Many studies (e.g. Parry et al. 1999 , Milly et al. 2005 , IPCC 2014 ) predict that water resources will become even scarcer due to climate change and the increasing demands on water by various economic sectors. Moreover, the irregular spatial distribution of precipitation leads to large differences in water availability across territories (Moran-Tejeda et al. 2010) . Furthermore, high-intensity but short rainfall events cause intense flooding (e.g. Moussa and Chahinian 2009, [France] , Brath et al. 2004, [Italy] , Koutroulis and Tsanis 2010, [Greece] , Rozalis et al. 2010, [Israel] , Vincendon et al. 2010) . Mediterranean catchments are therefore characterized by three main features: limited water resources, dry summers and high-intensity rainfall events that generate flash floods.
Many attempts have been made to provide an overview on the hydrology of the Mediterranean region. Reviews have already detailed specific aspects of the hydrology of Mediterranean catchments, such as rainfall interception (Llorens and Domingo 2007) , the impact of the Mediterranean forest on catchment responses (Cosandey et al. 2005) , the dryland hydrology (Cudennec et al. 2007) , the impact of human activities on fluvial systems (Hooke 2006) , erosion processes (Shakesby 2011 , Garcia-Ruiz et al. 2013 ) and the hydrology of mountainous catchments (Latron et al. 2009 ). Other studies synthesized the results of climate change impact studies in the region, such as Alpert et al. (2008) and Philandras et al. (2011) , and the impact of global changes on Mediterranean water resources (Garcia-Ruiz et al. 2011) . The Mediterranean region has been also studied as part of larger geographical areas (Marchi et al. 2010 , Cortesi et al. 2012 , Salinas et al. 2014a , 2014b .
Moreover, many international projects have been conducted on the Mediterranean region to study the hydrological cycle generally. Among others, the FRIEND Alpine and Mediterranean Hydrology (AMHY) project was launched in 1991 as part of the UNESCO International Hydrological Programme (Gustard and Gwyneth 2002, Servat and Demuth 2006) . The project involves 19 countries from southern Europe and the Mediterranean Basin. Since 2007, the HyMeX project (www.hymex.org) has been promoting a multidisciplinary approach to analyse all components of the Mediterranean water cycle (see Llasat et al. 2013 for more details). This project focuses on physical aspects, the socio-economic impacts of extreme events, and the adaptation capacity to changes. Another example of current initiatives in the Mediterranean is the MEDEX project (http://medex.aemet.uib.es), which focuses on meteorological scenarios with high hydrological impacts.
Objectives of the meta-analysis
This paper aims to present an overview of the hydrological response characteristics of Mediterranean catchments and to identify the main objectives and modelling approaches of studies conducted in the region. It focuses on studies related to annual water balance, flood events and droughts.
The methodology consists of analysing individual catchments studies that have been published over the past two decades. It starts by defining the study area, followed by representation of the collected database. The hydrological response characteristics and the methods used for a general discussion of the main outcome of this review are provided by answering the following questions:
-Can we identify regional hydrological tendencies in the Mediterranean region? -What is required to model Mediterranean catchments? -What are the main challenges for future research in the Mediterranean?
Note that this analysis does not specifically review studies on ungauged catchments, for the sake of brevity. The reader may refer to the recent general reviews on prediction on ungauged basins proposed by Bloschl et al. (2013) or Hrachowitz et al. (2013) , which include studies on the Mediterranean Basin.
The Mediterranean region
Boundary of the Mediterranean region
The Mediterranean climate is not confined to the Mediterranean Sea region. In fact, much of California, parts of Western and South Australia, southwestern South Africa, and parts of central coastal Chile have Mediterranean climates. According to the Koppen (1936) classification, Mediterranean climates are characterized as subtropical climates with dry summers. Nevertheless, this paper was intentionally limited to the Mediterranean Basin because this region shares more than climatic features. The Basin has homogenous geological and physiographical settings (Wainwright and Thornes 2004) , and it forms a geographical unit that faces the challenges of large socio-economic exchanges and enormous anthropogenic pressure.
There is no worldwide consensus on the definition or boundaries of the Mediterranean region (Hooke 2006 , Shakesby 2011 . Several characteristics are commonly used to define the Mediterranean region ( Fig. 1(a) The distribution of many species considered as indicators of the Mediterranean (e.g. olive trees) are highly related to human activities. -Administrative divisions of the countries surrounding the Mediterranean Sea: these definitions are also problematic because they often have no natural basis (Wainwright and Thornes 2004) .
In this work, the "Mediterranean" is considered as any catchment falling within one of the above-mentioned boundaries and defined by authors as Mediterranean, but excluding the administrative boundaries from this assumption ( Fig. 1(a) -(c))
Physical characteristics of the Mediterranean region
The Mediterranean region has a total area of approximately 1 100 000 km 2 (Grove and Rackham 2001) . Mountain ranges surround the Mediterranean Sea ( Fig. 1(a) ): the Pyrenees in southwestern Europe, the Alps in southern France and northwestern Italy, the Apennines along the Italian coast, the Dinaric Alps along the coast of the Adriatic Sea, the mountains of Greece, the Taurus Mountains in Turkey, Mount Lebanon in the eastern Mediterranean and the Atlas Mountains in northern Africa. The proximity of the mountain ranges to the sea explains why a majority of the Mediterranean catchments are medium-sized and sloping. Lower hills, such as the Cevennes region in France, and plains also exist along the coasts and in some interior regions; thus, the landscape is quite heterogeneous.
Most of the underlying geology comprises limestone with sandstone, sedimentary deposits and metamorphic granites (Di Castri 1981) . The prevalence of limestone rocks means that karstic catchments are very common in the region.
Vegetation is mainly dominated by evergreen trees and shrubs (the famous Mediterranean "Maquia" or "Garrigue"). In mountainous areas with wetter conditions, several deciduous tree species prevail. Conversely, the driest areas are dominated by steppe (Bonada and Resh 2013) . However, Mediterranean catchments exhibit a particular relief-driven organization in the distribution of land types. Hence, forests grow directly under the rocky summits of Mediterranean mountains; agricultural terraces are found downslope. Further down, the Mediterranean Garrigue is present. Finally, agriculture dominates the coastal plains. This pattern is partly attributed to past human activities, but it is now disturbed by the intense urbanization on Mediterranean coastal plains and the abandonment of the agricultural terraces for Mediterranean forests, particularly in Europe (e.g. Gallart and Llorens 2004 , Lana-Renault et al. 2007 , Ceballos-Barbancho et al. 2008 , Moran-Tejeda et al. 2010 . These changes certainly have an impact on the hydrological responses of Mediterranean catchments.
3 Review extent and database
Meta-analysis information
A total of 140 studies on the Mediterranean region published over the past two decades were analysed.
To study regional tendencies in the Mediterranean zone, the study region was divided into: These studies were divided into three groups focusing on the annual water balance (58 studies), flood events (49 studies) and droughts (33 studies).
For each study, the key information that was systematically collected and analysed includes:
(i) basin location (reference and coordinates); (ii) study objectives; (iii) basin characteristics, such as the area, mean elevation, mean slope, land use, soil classes, geology and the possible presence of karst; (iv) hydro-meteorological data characteristics, such as rainfall-runoff measurement period, time step of the measurements, mean annual precipitation, reference evapotranspiration, mean annual runoff, runoff coefficient and snow contribution; for event-based studies, detailed information on catchment responses (rainfall, runoff, peak discharge) for each event was also extracted when available; (v) model characteristics, such as the model name and original reference, the simulated hydrological processes, the spatial resolution (lumped, semi-distributed or distributed), the time step and the model evaluation criteria.
Annual water balance studies
The reviewed studies ( Fig. 1(b) ) with information about the components of the water balance equation (40 out Fig. 1(c) and Table 2 ).
The analysis was conducted only on hydrological studies at the catchment scale. Hence, studies focusing on the hydraulic aspects of the catchment response at the reach scale were excluded. These studies are not limited to extreme flood events (such as Marchi et al. 2010 , Tarolli et al. 2012 ) but comprise any runoff-generating rainfall event study that contains substantial event-related information. However, this information is not equally available for all. Details on each study and event-related Table 2 . Here, one must clarify that a single event can affect more than one catchment and that more than one event could be reported for the same catchment. Among these studies, 13 were conducted in the NWM, 5 in the EM, and 3 in the SM. One study (Tarolli et al. 2012 ) was an analysis of flash flood regimes in the NWM (France, Spain, Italy) and the EM (Israel). Moreover, 69 catchments out of a total of 136 are located in the NWM. The rest of the catchments are divided between the EM (22) 
Drought studies
Drought definitions vary according to the variables used to describe the phenomenon Singh 2010, 2011) . Generally, one can define three major types of droughts: meteorological or climatic drought; agro-meteorological or agricultural drought; and hydrological drought (Gumbel 1963 , Palmer 1968 .
Socioeconomic impacts of droughts are defined in terms of losses from an average or expected return and are measured by both social and economic indicators (Mishra and Singh 2010) . All these droughts aspects are interrelated and are measured in terms of their intensities, durations and frequencies. In this work, we cite recent studies in the Mediterranean region that characterize droughts, and we discuss the main objectives and methods used ( Fig. 1(d) ).
Droughts are usually studied in a regional context due to their large-scale characteristics (Mishra and Singh 2010) . Here, 33 drought-related studies published in the past decade in the Mediterranean region are presented ( Fig. 1(d) and Table 3 ). Eighteen studies were conducted at the catchment scale, while the others had a greater spatial extension, generally an entire country or geographical region. Approximately half of the studies were conducted in the NWM, with a majority (10 articles) in the Iberian Peninsula (mostly Spain), 13 studies were conducted in the EM and only four were conducted in the SM sub-region. Drought studies are usually conducted at long time scales (several decades).
Hydrological response characteristics
In this section we analyse the hydrological response characteristics of the studied Mediterranean catchments based on the collected data described above, in terms of annual water balance, rainfall-runoff events and drought.
Annual water balance studies
The mean annual precipitation (MAP), reference evapotranspiration (ET0), and mean annual runoff (MAQ) are highly variable across the three Mediterranean sub-regions. The median values show decreasing MAP, MAQ, MAQ/MAP and an increasing ET0 from NWM to EM and SM (Table 4) .
The relationship between MAQ and MAP, both expressed in terms of water depth (mm), is plotted, where each point Table 3 . Summary of information on the chosen droughts studies in Figure 1 represents a studied catchment (Fig. 2) . The results show a significant correlation (R 2 = 0.687) between MAQ and MAP reported in all studies. Most low-yielding catchments, with MAP values lower than 400 mm, are located in the SM. For larger MAP, the graph shows important scattering. We remark that that even for large MAP values (up to 900 mm), the runoff yield can be very low (approximately 30 mm); this is true for catchments with highly permeable backgrounds, e.g. in Crete (Koutroulis et al. 2013) . Thus, the catchment yield is highly variable. The trend for the EM and the NWM catchments is quite similar, with an intercept close to 500-550 mm and comparable slopes. The trend is different for the SM catchments, with an intercept close to 250-300 mm and a lower slope. For a few catchments (especially in the NWM and EM), MAQ is larger than MAP. Here, two factors may explain this phenomenon: the contribution of snow amounts in mountainous catchments, which is underestimated, and the presence of karst, which may greatly increase the effective catchment area.
A similar analysis (not shown) that accounted for catchment area and elevation was undertaken. The catchment area does not appear to influence its response. The impact of elevation, however, could not be neglected because it was found that both the MAP and catchment runoff increase with elevation.
To investigate the climatic features of Mediterranean catchments, we provide a Budyko-type plot (Budyko 1974, Andréassian and Perrin 2012 ) that shows the mean annual runoff coefficient MAQ/MAP as function of the aridity index AI = ET0/MAP (Fig. 3) . When ET0/MAP < 1, wet conditions prevail, otherwise dry climatic conditions prevail. The lines MAQ/MAP = 1 and MAP = MAQ + ET0 represent the water and energy limits. Catchments are expected to fall within these limits for a closed water balance. Otherwise, the catchment is either gaining (catchment with MAQ/MAP > 1) or losing (catchment with MAP < MAQ + ET0) water, or there might be errors in the data. Four catchments fall outside the water or energy limits. These catchments are karstic (e.g. Longobardi and Vallini 2008, [Italy] , Nikolaidis et al. 2013, [Greece] ), which may explain the presence of underground water gain or loss processes. Most catchments (60%) can be considered water-stressed, with an aridity index greater than 1. Figure 3 shows a geographical cluster of catchments: (i) NWM catchments with the lowest aridity index and a large variation in catchment water yields (MAQ/MAP); (ii) SM catchments with the lowest runoff yields; (iii) EM catchments with large variations in both aridity index and catchment water yields. This large heterogeneity in the climatic features and hydrological responses of EM catchments can be explained by the complex geomorphologic features of this sub-region and the prevalence of karstic and mountainous catchments.
To summarize, Mediterranean catchments exhibit high variability in terms of both climatic characteristics and catchment hydrological responses at the annual scale. The latter can vary greatly, even for the same amount of rainfall input, Table 4 . Summary statistics of climatic and hydrological variables for the studied catchments (Table 1 and Fig. 1(b) ) for the three Mediterranean sub-regions (NWM, EM and SM). MAP: mean annual precipitation; ET0: reference evapotranspiration; MAQ: mean annual runoff.
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ET0 ( which may seriously challenge any modelling approach. Nevertheless, some regional patterns exist, and catchments in each of the above-mentioned sub-regions appear to have somewhat similar characteristics.
Rainfall-runoff event-based studies
Rainfall events: amount and duration
The monthly distribution of the number of rainfall events per geographic zone is presented in Figure 4 . In the NWM, these occur mostly in autumn (September to December), whilst in the EM, rainfall events occur mostly in winter (January and February). For the SM, most of the studied events occur between September and February, with the highest frequency in January.
For the 191 events presented here, the duration of the flood runoff generated by an intense rainfall event varies greatly between 2 h and 8 days. Similarly, event rainfall amounts show great variability, from 10.4 mm in the Giofyros Basin, Greece (Koutroulis and Tsanis 2010) , to 540 mm in the Gard River basin, France (Vincendon et al. 2010 ) over various durations. More extreme events were also reported in the literature, particularly in southern France. On 12-13 November 1999, the Aude River (southern France) witnessed an extreme flood event generated by 700 mm of rainfall in 24 hrs ). The famous 8-9 September 2002 flood in the Gard region (southern France) was generated by approximately 600 mm of rainfall in 48 hours. Figure 5 represents the cumulative event rainfall as a function of event duration, with large scattering in the relationship. For the same event duration, the total amount of cumulative rainfall can vary greatly over a location. Moreover, the rainfall amounts during a single event vary according to the geographical location, with the highest event rainfall (>100 mm) located in the NWM.
Peak discharge
Event peak discharge is widely used as an indicator of the hydrological response of catchments. Here, we represent the catchment unit peak discharge (the peak discharge per km 2 ) as function of catchment area (Fig. 6(a) ) and cumulative event rainfall (Fig. 6(b) ). Numerous studies found a dependence of peak discharge on catchment area (e.g. Herschy 2002 , Furey and Gupta 2005 , Marchi et al. 2010 , Herschy and Fairbridge 1998 . Figure 6 (a) represents a log-log diagram of the unit peak discharges of our catchment database (for each catchment, the highest peak flow was plotted) with two envelope curves developed by Tarolli et al. (2012) for the NWM (France, Italy and Spain) and for EM (Israel) flash floods.
In Mediterranean catchments, unit peak discharges are extremely high. Indeed, values estimated from post-flooding investigations (Gaume et al. 2003a , Gaume and Bouvier 2004 Marchi et al. (2010) . The authors found the highest unit peak flows in the Mediterranean region followed by the Alpine-Mediterranean.
In our dataset, the highest unit peak flow was recorded on the Alzon River at Saint-Jean-du-Pin, southern France (Nguyen et al. 2014) , with a value of 33 m 3 s −1 km −2 (catchment area of 30 km 2 ). However, the unit peak discharges decrease rapidly with increasing catchment area. This rapid decrease in unit peak discharge with an increase in catchment area may reflect the high spatial variability in the rainfall events that occurs in the Mediterranean and the high heterogeneity in the hydrological responses of different locations within a catchment Gallart 2007, 2008) . Thus, for a given catchment and a given rainfall event, the event does not necessarily affect the entire catchment, and the runoffgenerating processes are not the same in all parts of the catchment.
The differences in catchment responses in terms of unit peak discharges by geographical location are illustrated in Figure 6 (a). The figure clearly shows that the highest peak discharges are recorded in the NWM, followed by the SM. The lowest unit peak flows were recorded in the EM. The highest unit peak flows were recorded for the smallest catchments. For large catchments, values from the NWM and SM catchments are within the same range, whereas the EM records the lowest values. Nevertheless, although the NWM is known for severe rainfall events and catastrophic floods, the highest peak flows may be partly attributed to the relatively denser gauging networks and larger number of research teams investigating post-flood conditions in that sub-region. Hence, information on peak flows in small catchments (on the order of 10 km 2 ) is available. This information is rarely available for other areas of the Mediterranean.
Unit peak discharges as a function of rainfall depth (Fig. 6  (b) ) are highly scattered for a given amount of cumulative rainfall. Therefore, no correlation could be found between event rainfall depth and event peak flow, particularly for rainfall depths below 100 mm. However, above a 100 mm rainfall threshold, the unit peak discharge seems to increase continuously with the amount of event rainfall.
Another factor that may influence peak flow is the duration of the rainfall event. It is tempting to associate a longer event with a higher unit peak discharge. While this might be the case in humid environments, no obvious relationship exists in Mediterranean catchments. For a given event duration, the unit peak discharges vary greatly (Fig. 6(c) ). However, this relationship is true for relatively short events (event durations of less than 50 h), whilst it seems from the analysis of Figure 6 (c) that, for longer event durations, a particular pattern exists: the unit peak discharge appears to increase with increasing event duration. A plausible explanation is that, for very long events, the catchment moisture conditions and runoff generation processes begin to resemble those of humid conditions. In fact, during the wet season, Mediterranean catchments may function similarly to catchments in humid climates (Latron et al. 2009 , Gallart et al. 2011 .
Runoff ratio
A very important concept for assessing the catchment hydrological response is the event runoff ratio, which is defined as the ratio of event runoff volume to event rainfall volume. Figure 7 presents the runoff depth ( Fig. 7(a) ) and the runoff ratio ( Fig. 7(b) ) as functions of cumulative event rainfall. There is clear scattering in the response. Thus, for a given rainfall depth, both the runoff and runoff ratio may greatly vary.
In Mediterranean catchments, event runoff ratios vary over a large range (Fig. 7(b) ). For instance, the ratio varies from 0.01 in the Rafina catchment (Greece; Massari et al. 2014 ) to 1.2 in the Lez catchment (France; Coustau et al. 2012) . The mean value of the sample we studied was 0.37, with a standard deviation of 0.27. The median was 0.30, and the interquartile range was 0.14-0.51. There are geographical discrepancies in the catchment responses to rainfall events. Figure 7 shows that the highest runoff depths and runoff ratios appear in the NWM catchments. In fact, the median runoff ratios vary between sub-regions, e.g. from 0.40 in the NWM (similar to the values found by Marchi et al. 2010) to 0.36 in the SM and only 0.12 for EM catchments. It is also obvious that, for low rainfall depths (particularly below 50 mm), all events are from the EM and SM, which may exhibit very high runoff ratios, despite the amount of rainfall depth.
Extremely high runoff ratios are recorded for some events, and they may exceed unity. This finding can be explained by the karstic nature of the catchment, with a runoff-generating area that is much larger than the topographic basin. One example is the Lez catchment in France (Coustau et al. 2012) . High runoff ratios were also estimated for other catchments, such as Merhavia in Israel (Rozalis et al. 2010) , the Reno River in Italy (Brath et al. 2004) and Mdouar in Morocco (Tramblay et al. 2012) . Here, the events triggering such high runoff ratios usually occur after other large events. Thus, the initial moisture conditions influence the generation of important runoff amounts. These physical characteristics of the Mediterranean and the high seasonality of the climatic features may explain the large scattering in the catchment responses, both in terms of event runoff ratios and peak discharges.
The relatively low dependence of the runoff ratio against the cumulative rainfall depth could be explained by many factors. First, under Mediterranean climatic conditions, Hortonian flows are expected to be dominant. Thus, the catchment hydrological response is controlled by rainfall intensity rather than by depth. Moreover, the initial moisture conditions exhibit significant variability, thus triggering different hydrological responses, even with the same amount of rainfall. Furthermore, in Mediterranean catchments, the temporal and spatial distribution of rainfall events, which certainly plays an important role in shaping the catchment response, are highly variable. In addition, the runoff-generating processes along catchments are heterogeneous, and the percentage of the catchment area that actually contributes to runoff can vary by event.
Drought studies
In contrast to studies on the annual water balance and rainfall-runoff events, similar comparisons for droughts are difficult, because authors do not all use the same variables to quantify droughts. Therefore, our analysis is more qualitative, and our conclusions could appear more subjective.
Climatic trends in the region show an overall decrease in the available water resources due to a reduction in the annual rainfall and an increase in the annual temperature and reference evapotranspiration (Kafle and Bruins 2009 , Chaouche et al. 2010 , Mavromatis and Stathis 2011 , Vicente-Serrano et al. 2014 . However, important seasonal discrepancies exist in the evolution of different components of the water balance equation across areas of the Mediterranean. All studies show a high spatial and temporal variability of drought events across the Mediterranean, in the EM, the SM, parts of the Iberian Peninsula, the main islands and southeastern Italy.
Climate change impact projections for the 21st century in the Mediterranean converge towards a drier climate by the end of the century (e.g. Abouabdillah et al. 2010 , Capra et al. 2013 , Marquès et al. 2013 , Ruffault et al. 2013 , Vrochidou et al. 2013 . The water management scenarios in different catchments show a large decrease in water availability, particularly during dry periods, due to the pressure of large anthropogenic increase of population in these catchments. However, important disparities can exist within the same catchment.
Objectives and methods of hydrological studies
In this section we discuss the objectives that drove existing hydrological studies in the Mediterranean region and the most commonly used modelling approaches for annual water balance, rainfall-runoff events and drought studies. Two main objectives are identified: "simulation" and "scenario testing". In each case, the available studies are classified by their objectives or models used. This analysis aims to evaluate whether the Mediterranean context requires further specific approaches. Table 5 lists the existing studies that employ continuousbased hydrological models and are classified under two main objectives:
Annual water balance studies
(1) "simulation": representation of hydrological processes, model performance assessment, model uncertainty assessment, development of new models, streamflow simulation with limited data and karstic zone modelling; (2) "scenario testing": assessment of the impacts of different scenarios of land use change (LUC) and climate change (CC) on water resources and erosion.
Apart from classical objectives, such as assessing model performance, improving model predictability or developing and testing new models, continuous streamflow simulation studies in the Mediterranean region focus on the impact of global change on hydrological responses. Mediterranean environments are water stressed, and demands on water are increasing because of the increasing population and tourist industry. Moreover, the Mediterranean region is prone to climate change (IPCC 2014), and many studies have projected an increase in temperature and a decrease in precipitation over the Mediterranean Basin (Alpert et al. 2002 , Philandras et al. 2011 , IPCC 2014 . Other studies addressed crucial features of Mediterranean environments, such as erosion (e.g. Raclot and Albergel 2006 , Lesschen et al. 2009 , Shakesby 2011 , GarciaRuiz et al. 2013 ) and karstic influences (e.g. Coustau et al. 2012 , Doglioni et al. 2012 , Touhami et al. 2013 . used for hydrological simulations in karstic catchments; and HYDROGEIOS, which is a semi-distributed model for streamflow simulation in human-modified basins (Efstratiadis et al. 2008) .
The model choice seems to depend on data availability, the experience of the researcher (especially in terms of computing experience), and the available funding (some models are expensive). Except for some specific cases (e.g. Delgado et al. 2010 [Spain] , Rozos and Koutsoyiannis 2006, Kourgialas et al. 2010 [Greece] , Rimmer and Salingar 2006 [Israel] ), the objective of the study does not necessarily influence the model choice. These claims are more obvious when we evaluate the geographical distribution of the models in use. Indeed, complex and data-demanding models appear to be primarily in use in the Euro-Mediterranean part of the region and in Israel. Most models were applied in other climatic contexts.
Rainfall-runoff event-based studies
Similarly to water balance studies, the two main objectives of rainfall-runoff event-based studies include (see detailed list in Table 6 ):
(1) "simulation": similar objectives, with greater emphasis on runoff generation processes, wetness impacts on catchment responses and flash flood estimations, and sensitivity of model performance to data and parameters;
(2) "scenario testing": similar objectives on LUC and CC impact assessment, as well as wildfire impact or flood risk mitigation.
Regarding event-based studies, the same model can be used for different objectives. These are classical models that are applied worldwide. There have been only a few attempts to develop models specifically for the Mediterranean environment (e.g. Manus et al. 2009 , Nunes and Seixas 2011 , Roux et al. 2011 , Massari et al. 2015 . Some authors slightly modified available models to account for specific features of the Mediterranean (e.g. Rozalis et al. 2010) .
Modelling the hydrological response of Mediterranean catchments, particularly at the event level, using classical modelling techniques is somewhat controversial. In fact, the results from various studies characterizing hydrological responses of these catchments and runoff-generation mechanisms show that, under Mediterranean conditions, runoff-generation mechanisms and catchment responses are heterogeneous. Hence, the most important rainfall events in terms of precipitation volume are not necessarily those with the highest runoff ratio or peak flow (Moussa and Chahinian 2009 , Marchi et al. 2010 , Tarolli et al. 2012 , and different mechanisms can co-exist (Manus et al. 2009 ). Furthermore, different parts of the catchments can exhibit different runoffgeneration processes, while some parts of the basin may not contribute at all (Latron and Gallart 2007) . Catchment responses also depend on the initial wetness conditions, and Table 6 . The main objectives and models used for event-based studies in the Mediterranean. . However, because of the high intensity of rainfall under Mediterranean conditions, infiltration excess is often dominant (Manus et al. 2009 ). The impact of high-intensity rainfall is particularly important for extreme events, where it becomes the sole factor that influences runoff generation Montanari 2000, Lana-Renault et al. 2011) . Nevertheless, this is not true for all Mediterranean catchments. A recent study by Efstratiadis et al. (2014) , who analysed several flood events in small catchments in Greece and Cyprus, highlighted that the key component of flood runoff is interflow, not overland flow. The authors also demonstrated that the initial soil moisture conditions drastically influence the basin response (which is a common conclusion of all studies in the Mediterranean). Some of the most commonly used models (SCS-CN) are threshold models, in which a portion of the precipitation is used to fill soil water content before generating runoff. Other models developed for more humid climates (e.g. based on TOPMODEL) use saturation excess mechanisms to generate runoff. The limitation of TOPMODEL for Mediterranean catchments was demonstrated by Gallart et al. (2007) in the Vallecebre catchment in Spain. TOPMODEL simulates the hydrological response well in the wet season. However, under dry conditions, the model performance decreases. Moreover, Mediterranean catchment responses at the event scale are very sensitive to the spatial and temporal (withinstorm) variation of rainfall (Rozalis et al. 2010) . High spatiotemporal resolution rainfall data, which are not available in many parts of the Mediterranean, particularly in North Africa and the Near East, are needed.
Drought studies
For the existing drought studies (see detailed list in Table 7 ), the two main objectives include:
(1) "simulation": characterization of the temporal and spatial variations of droughts and the methods for drought assessment; (2) "scenario testing": assessment of the impact of different scenarios (climatic, anthropogenic, etc.) on drought characteristics in a catchment or region.
The methods used are also presented in Table 7 . A description of the different drought indices and their definitions are available in drought reviews (e.g. Singh 2010, 2011) .
Precipitation-based indices, such as the standardized precipitation index (SPI) and modified versions of this are the most popular among meteorological-based indices. These indices are globally relevant and are applicable at different time scales to characterize short-and long-term droughts and their impacts on different components of the water balance. Hence, one should emphasize the importance of the choice of time scale of analysis (Vicente-Serrano and López-Moreno 2005) . The objective of the index (impact on surface water, reservoirs, etc.) should constrain the choice of the time step. Hydrological indices, such as the Palmer index (e.g. Vasiliades and Loukas 2009), indices related to soil moisture (Vidal et al. 2012 ) and groundwater indices (Mendicino et al. 2008) , have also been used. Agricultural drought indices are also prevalent in the Mediterranean literature (Diodato and Bellocchi 2008) .
The models used in drought studies are mainly water management models, such as the Water Evaluation and Planning system (WEAP) (Yilmaz and Harmancioglu 2010, Hamlat et al. 2012 ) and the inVEST model (Marquès et al. 2013 , Terrado et al. 2014 , or simple water balance models, e.g. the SIERRA model (Ruffault et al. 2013) .
Moreover, climatic trend analyses are also commonly used to assess the impact of temporal and spatial drought variations.
In summary, various methods are used for drought characterization in the Mediterranean region. However, meteorological-based indices, such as the SPI, remain the most popular. Moreover, the main concerns that drive drought studies appear to be global change impacts due to climatic and anthropogenic pressures. 6.1 Can we identify regional patterns in the Mediterranean?
Comparison of catchments in different Mediterranean areas shows that some regional tendencies exist. In terms of the annual water balance, catchments from the NWM have higher humidity, relatively low dryness index and higher annual runoff yields. These findings could be due to the influence of the humidity from the Atlantic Ocean, which modifies the seasonal pattern of rainfall, i.e. less precipitation in winter and a rainfall peak in autumn and/or spring (McNeill 1992) . SM catchments are the driest, with the highest aridity index and lowest annual runoff yields. The EM proves to be more heterogeneous, with a relatively wide range of values in terms of both aridity index and runoff yields (e.g. Rimmer and Salingar 2006 , Tzoraki and Nikolaidis 2007 , Kourgialas et al. 2010 .
Regional tendencies also exist in the seasonal distribution and severity of extreme rainfall events. In fact, rainfall events in the NWM occur mostly in autumn, with a peak in September. Rainfall in the EM sub-region occurs mostly in winter, with a peak in January and February. In the SM, the sample is too small to generalize. Moreover, in terms of the event rainfall depth, peak discharges and runoff ratios, the highest values occur in the NWM. Similar findings have been reported by other authors who studied floods in the Mediterranean region (Marchi et al. 2010 , Tarolli et al. 2012 , Llasat et al. 2013 . In fact, the NWM sub-region exhibits extreme rainfall regimes, with rainfall commonly exceeding 200 mm in 24 hours. Cortesi et al. (2012) studied the distribution of the daily precipitation concentration index across Europe. The highest values were computed for the coastal arc that extends from southeastern Spain to Sicily (Italy). Moreover, Reiser and Kutiel (2011) compared the rainfall regimes in Valencia (Spain) and Larnaca (Cyprus). The authors found that in Valencia the rainfall regimes are more extreme than in Larnaca. Hence, in the NWM, daily rainfall values that exceed 600 mm have been recorded.
However, there is also overlap between morphometric and hydrological characteristics of particular catchments located in different sub-regions, particularly between the NWM and EM. These similarities between catchments can highlight the existence of twin basins (e.g. basins with similar physiographic features and/or hydrological responses), for which hydrological responses can be transferred from gauged to ungauged basins.
What is required to model Mediterranean catchments?
A distinction can be made between continuous streamflow simulations and event-based simulations. The former are usually applied to quantify water resources in the catchment of interest, assess land cover and/or climate change impacts, or test new modelling approaches. In event-based studies, the objectives may vary from flood risk mitigation to understanding flood-triggering characteristics. For continuous streamflow simulations, daily meteorological and hydrological data are used most often (sometimes monthly data). The applied models are often lumped conceptually, with relatively good results. Nevertheless, how to model the catchment response at the event scale is a dilemma. The high rainfall intensity and spatial variability within a storm, along with a catchment's initial wetness conditions, complicate this task. Classical hydrological models are not well suited to the Mediterranean area. In fact, many of these models assume precipitation abstraction (such as the widely used SCS-CN) or saturated excess mechanisms (such as the TOPMODEL family), which is not necessarily the case in the Mediterranean. Moreover, any suitable modelling approach for these catchments is highly demanding in terms of data. Hence, to account for the variability in the rainfall intensity in a short time, the model should be applied at the hourly (or shorter) scale for flood studies. Furthermore, the model should be able to account for any rainfall spatial variability and catchment wetness conditions. Therefore, information on soil properties and soil moisture conditions is needed.
The specificities of the Mediterranean catchment responses explain the large response heterogeneity in the region and emphasise the fact that modelling the hydrological behaviour of Mediterranean catchments is difficult (Oudin et al. 2008) . In regional studies that involve catchments from Mediterranean and non-Mediterranean (humid) regions, such as in Goswami et al. (2007) and Oudin et al. (2008 Oudin et al. ( , 2010 , the performance of the model-dependent regional approaches is worse in the Mediterranean climate.
High-resolution spatial and temporal rainfall and soil properties and moisture data may be necessary to accurately simulate the hydrological behaviour of Mediterranean catchments. However, such data are rarely available. Consequently, detailed flood studies are usually performed in small research catchments, with results that are often difficult to generalize in space and time , Lana-Renault et al. 2007 , Latron and Gallart 2007 , Manus et al. 2009 , Rozalis et al. 2010 , Molina et al. 2014 . This finding also explains why studies in large catchments are usually limited to flood risk mitigation or peak flow estimation, sometimes using lumped methods only.
To overcome the difficulties in modelling hydrological responses of Mediterranean catchments, particularly in terms of accounting for the high spatial variability of model parameters, radar rainfall, spatial soil moisture information and remote sensing data are considered (Rozalis et al. 2010 , Tramblay et al. 2010 , Massari et al. 2015 . New approaches that couple observations (usually obtained on small catchments) and modelling are used to improve our understanding of flood-triggering processes. For example, recent work was undertaken within the HyMeX project on two French catchments (Braud et al. 2014) . This is a multi-scale approach that assesses the runoff-generation processes from observations at a small hillslope scale. The rainfall variability and soil moisture, along with the network organization, were studied for mediumsized catchments (1-100 km 2 ) and for river routing and flooding at a large scale (100-1000 km 2 ). Data analyses were coupled to modelling techniques, and the results are promising. However, these approaches are very demanding in terms of instrumentation, data, computational effort and, consequently, financial resources. Thus, the majority of flood simulation studies in the Mediterranean are concentrated in the developed countries of the EuroMediterranean region and Israel.
6.3 What are the main challenges for future research in the Mediterranean?
In recent decades, we have observed an important change in the scope of hydrological studies in the Mediterranean zone and consequently in the expected performance of hydrological modelling. Currently, there remains an important need for research on classical rainfall-runoff hydrological modelling for engineering applications in water resources management, water supply infrastructure design, flood and drought prediction, pollution projections and erosion processes. However, hydrological modelling has become an indispensable tool for many interdisciplinary projects in the Mediterranean. For example, anthropogenic and climatic change impacts on environmental variables can be assessed. Modelling is data intensive, and improving model performances involves the acquisition of new data at various spatio-temporal scales. Future research challenges in Mediterranean hydrology include:
(1) Strengthening hydrological knowledge, with an emphasis on the EM and SM areas. While the NWM areas are well studied, there is an urgent need to conduct more hydrological studies in the EM and SM, from plot to large catchment scales and from short time scales (a few minutes for flash flood genesis on hillslopes) to decades (impacts of land use and climate change). (2) Improving measurements and data availability. There is a need to improve current measuring infrastructure, since the current data are not satisfactory for studies associated with extreme flash flood events, drought periods (absence of flow) and long-term land use and climate change. These data can be obtained through the installation of long-term environmental stations, in order to establish dense precipitation and streamflow gauging networks. Radar data and remote sensing approaches are also promising options, as complementary to surface observations. (3) Conducting large-scale studies under Mediterranean conditions. There is a need to lead studies at the scale of the entire Mediterranean region (e.g. Iglesias et al. 2007 , Chenoweth et al. 2011 , Garcia-Ruiz et al. 2011 , Milano et al. 2013 (Hrachowitz et al. 2013 ).
(5) Improving hydrological modelling on small catchments.
Theoretical developments are needed, and classical models must be adapted by taking into account the representation of the main hydrological processes. In large catchments (>500 km 2 ), spatial rainfall and hydrographs are smoothed at the daily scale. Consequently, conventional hydrological models perform well and therefore remain well suited for understanding hydrological processes, testing hypotheses or simulating missing discharge data series. However, when moving to small catchments (<100 km 2 ), many hydrological processes remain poorly represented or neglected in classical models, e.g. threshold functioning for runoff genesis and transfer on hillslopes and through the channel network (e.g. the cases of ephemeral and intermittent flows), the importance of flow in non-saturated zones, and the difficulties in modelling surface-subsurface interactions in dryland regions. (6) Accounting for variabilities. New "tailor-made" models (i.e. models based on measures) need to be developed to consider specific spatio-temporal heterogeneities of catchment responses in areas with specific hydrological functions, such as in karstic, urban and peri-urban zones.
We believe that reviews at large regional scales, such as the one presented here, are essential for advancing our understanding of hydrological behaviour of highly complex areas, such as the Mediterranean region, in terms of comparative hydrology. This review is an attempt to strengthen the research initiatives at this scale.
